Introduction
In the last years, a rapid progress in the research and develop− ment of many modern technologies used in construction of dis− play devices is observed. Up to now, the predominant display technology is, however, the liquid crystal displays (LCDs) tech− nology. LCDs still find wide commercial application because of a relatively low power consumption, design flexibility and flatness, viewability in bright light and low costs. The success− ful development of this technology depends, of course, on the development of such scientific disciplines as chemistry, phy− sics, electronics and device engineering, but it is clear that the progress would not be possible without the design and produc− tion of novel liquid crystal materials with suitable physical properties. Although the utilization of various kinds of liquid crystals has been investigated in many laboratories, in practical realizations, the nematogenic substances are mainly used in display devices. The dielectric properties of these substances are of primary importance, because the electro−optical parame− ters of LCDs, such as threshold voltage, response times and multiplexing capability are strongly dependent on the aniso− tropy of dielectric permittivity. On the other hand, studies of the dielectric properties of nematic liquid crystals in the static electric/magnetic fields provide us with the information on re− lation between the dielectric anisotropy of the mesogenic sub− stance, its molecular structure and the dipole−dipole correlation leading to the self−association process [1, 2] . The dielectric spectroscopy is yet a powerful tool for the study of the molecu− lar arrangement and the dynamics of the molecular rotational motions both in the mesomorphic and isotropic phases [1] [2] [3] [4] .
Recently, the dielectric properties of nematogenic com− pounds belonging to the homologous series of 4−cyanophe− nyl−4'−n−alkylbenzoates (C n H 2n+1 PhCOOPhCN, n = 4-10) had been investigated in the isotropic phase [5] and detailed dielectric study for 4−cyanophenyl−4'−n−heptylbenzoate (7CPB) in both the nematic and isotropic phases had been carried out [6] . The ability of the molecules to the self−orga− nization in the vicinity of the isotropic−nematic (I−N) transi− tion had been found. The resulting pretransitional pheno− mena which are revealed as well in the static dielectric per− mittivity as in the relaxation process had been discussed.
In this work we have studied the dielectric properties of 4−cyanophenyl−4'−n−octylbenzoate (8CPB). In particular, we have paid our attention to the pretransitional effects and their influence on the possibility of determination of the or− der parameter <P 2 > from the dielectric relaxation time mea− sured in the isotropic and nematic phases. Moreover, we have estimated <P 2 > on the basis of the polarised absorption spectra of the dichroic dye dissolved in 8CPB as a guest probe. The results of this work have been compared in some aspects with an earlier study of the dielectric properties and of the orientational order for two analogous liquid crystals 4−n−octyl−4'−cyanobiphenyl (8CB) [7] [8] [9] and 4−(trans−4'−n− −octylcyclohexyl)−isothiocyanatobenzene (8CHBT) [9] [10] [11] [12] .
Experimental
The nematogenic 4−cyanophenyl−4'−n−octylbenzoate (C 8 H 17 PhCOOPhCN, 8CPB) was synthesized and chroma− tographically purified at the Institute of Chemistry, Military University of Technology in Warsaw, Poland. The tempera− tures of the phase transitions were as follows Cr · 320.2 K · N · 326.6 K · I.
The dichroic dye, 4−dimethylamino−4'−nitrostilbene (DANS), which was used as a guest probe, was synthesized and chromatographically purified at the Institute of Dyes of Łódź University of Technology, Poland. The dye was dis− solved in 8CPB at a concentration of 5×10 -3 mol/dm 3 . DANS was often utilized as a probe to determine the cala− mitic liquid crystal order because of the molecular structure similarity in size and shape to that of the mesogenic host [9, [12] [13] [14] [15] .
The complex dielectric permittivity e e e * = ¢ -¢¢ i was measured as a function of temperature in both the nematic and isotropic phases. The measurements were made in the frequency range from 50 kHz to 100 MHz using the imped− ance/gain phase analyzer HP 4194A. The measuring capaci− tor consisted of three plane electrodes, one central and two grounded on each side, with a distance between them of about 0.5 mm. The probing electric field intensity E was equal to about 1 V/mm. The homogeneous orientation of the molecules in the nematic phase was obtained by means of a dc biasing electric field (5 V/mm) applied to the capacitor during the measurement, so, the component of the per− mittivity parallel to the director n, e || * (n || E) was measured.
Good temperature stabilization with the possibility of vary− ing the temperature by step of 0.01 K was achieved with the use of a Scientific Instruments temperature controller, model 9700. Such equipment allows one to determine the permittivity with a relative accuracy better than 0.5%. The absorption spectra of 8CPB doped with DANS were recorded in the visible spectral region by means of a spec− trophotometer CARY 400 equipped with Glan−Thomson polarizers. The measurements were made as a function of temperature in the nematic phase in 'sandwich' glass cells of 20 mm in thickness. The planar orientation of the 8CPB and DANS molecules was achieved by treatment of the glass surfaces of the cells with polyimide and by additional rubbing process. The temperature of the cells was regulated and controlled by means of a Scientific Instruments temper− ature controller, model 9700, with an accuracy of ±0.01 K. These two groups contribute to the resultant value of the permanent dipole moment μ and its direction does not corre− spond to the molecular long axis. Therefore, in the dielectric spectrum at least two dispersion regions, related to the lon− gitudinal μ l and transverse μ t components of the dipole mo− ment, should appear [16] . In principle, in the nematic phase, the relaxation process connected with the molecular rotation on the cone around the director n occurs additionally, but in the parallel component of e * it is observed rather rarely [3, 4, 17] . Thus, we have separated the experimentally obtained dielectric spectra of 8CPB into two components, corre− sponding to the molecular motions around their principal axes, with the use of the Cole−Cole equation [18] e w e w e w e wt
Results and discussion

Dielectric relaxation
where w denotes the angular frequency, e ¥ is the permittivity measured at sufficiently high frequencies to prevent dipolar re− orientation, A k is the dielectric strength, and t k is the relax− ation time of the k th relaxation process. The exponent a k refers to the symmetric broadening of the dielectric absorption band with respect to the Debye−type band (a = 1) [19] . We found that in the dielectric spectra of 8CPB, simi− larly as in the spectra of other rod−like mesogenic molecules with m m -4,6,7,10] , in both the nematic and isotro− pic phases, the relaxation process due to the molecular rota− tion around the short axis strongly predominates. The con− tributions from other molecular motions are relatively small and only weakly depend on the temperature and the type of the phase, so we do not discuss them here. Figure 2 presents the temperature dependence of the ex− ponent a resulting from the best fit of Eq. (1) to the experi− mental dielectric spectra. It can be seen that both in the isotro− pic and nematic phases, far from the transition a »1 (Debye− −type process). However, as the temperature approaches the clearing point, the value of a decreases. Although this de− creasing is not larger than 5%, it indicates distinctly that in the vicinity of the I−N transition of 8CPB, the fractional rota− tional diffusion process occurs [20] . Such anomalous diffu− sion (subdifussion, because a < 1) is due to an existence of some traps encountering by diffusing particles and appears usually in complex molecular systems, such as glasses, liquid crystals, polymers, proteins, biopolymers, etc. [20] . Strong asymmetry in the temperature dependence of the exponent a in the vicinity of the I−N phase transition (inverted shape of a lambda−like curve) is observed, the temperature region of the anomalously slow rotational diffusion is significantly broader in the isotropic phase than in the nematic phase. This clearly indicates on the differences of the heterogeneity on the microscopic scale on both sides of the phase transition. Figure 3 presents the temperature dependence of the re− laxation time in the form of Arrhenius plots
where E A is the activation energy, R is the gas constant, T is the absolute temperature, and C is the constant.
In general, E A is assumed to be temperature indepen− dent. However, as the meaning of the "activation energy" for the rotational Brownian motion is not clear, the constant value of E A vs. temperature seems to be doubtful. Therefore, we had proposed [10] a procedure for determination of E A by the differentiation of Eq. (2), the derivative of the loga− rithm of t with respect to T -1 gives directly the activation energy. Thus, we are able to analyse the temperature de− pendence of E A for the rotational diffusion of molecules un− der investigation. The results obtained in that way for 8CPB are presented in Fig. 4 . The difference in the behaviour of the activation energy with the change of temperature at both sides of the phase transition is clearly seen. In the isotropic phase the activation energy is only slightly temperature de− pendent, while in the nematic phase it shows a rapid in− crease from the value of about 70 kJ/mol, far from the tran− sition, to about 195 kJ/mol in the direct environment of the transition to the isotropic phase. The observed asymmetry in the temperature dependence of the activation energy seems
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Dielectric pretransitional effects
Recently, it was shown that the pretransitional effects in nematogenic liquid crystals can be easily monitored through the temperature behaviour of the static dielectric permitti− vity, e s and its derivative, ¶e s / ¶T in the vicinity of the isotro− pic−nematic phase transition [5, 6, 8, [21] [22] [23] [24] . According to the Froehlich theory [25] , these both quantities are directly related to the increments of, respectively, the Helmholtz free energy, DF and the entropy, DS induced by the probing electric field, as follows
where F 0 and S 0 denote the values of the thermodynamic quantities in the absence of the electric field and e 0 is the permittivity of vacuum. Figure 5 presents the temperature dependence of the static dielectric permittivity e s for 8CPB in the nematic and isotropic phases. In order to analyse the pretransitional ef− fects in detail, Figs. 6 and 7 show e s and ¶e s / ¶T, (together with the increment of the entropy per unit volume), respec− tively for 8CPB as a function of temperature (DT = T -T IN ) in the isotropic phase. For comparison, the data for two pre− viously investigated liquid crystals 4−n−octyl−4'−cyanobi− phenyl (8CB) [8] and 4−(trans−4'−n−octylcyclohexyl)−isothio− cyanatobenzene (8CHBT) [10] are presented in these fig− ures too. These three compounds differ in the molecular po− larity, the dipole moments of 8CB and 8CHBT are about 5 D and 2.5 D, respectively, [26] , whereas for 8CPB μ »6.5 D [5, 27] . Thus, the difference in the dielectric permittivity va− lues observed for various liquid crystals in Fig. 6 results cer− tainly from the different value of m but the influence of the molecular association cannot be omitted.
It follows from the Onsager theory [28] that e s should increase proportionally to the decreasing temperature (e s~m 2 /kT). Meanwhile, none of the liquid crystals shows such the temperature dependence of e s . Moreover, we ob− served very different behaviour of this quantity for various liquid crystals. On approaching the transition to the nematic phase a distinct decrease of e s is seen for 8CPB and 8CB, while for 8CHBT only a small bending without a maximum of e s occurs. This effect is related to the different tendency of these mesogenic molecules to self−association and it was previously observed for some other liquid crystals [5, 6, 8, [21] [22] [23] [24] 26] . The measure of the short−range interaction lead− ing to the appropriate mutual alignment of the dipolar mole− cules (parallel or antiparallel) can be quantified by the Kirk− wood correlation factor g calculated from the Kirkwood− −Froehlich equation [25, 28, 29] 
where k B is the Boltzmann's constant and N denotes the number of molecules per unit volume. Far from the I−N transition, the value of g estimated on the basis of Eq. (5) is equal to 0.55 for 8CPB (at DT > 4 K), 0.48 for 8CB (at DT > 9 K), and »1.0 for 8CHBT (in the whole temperature region in the isotropic phase). Thus, for 8CHBT the molecular association is not predicted, whereas for 8CPB and 8CB the antiparallel alignment of the mole− cules appears. However, the ability to association of 8CPB is smaller than that of 8CB, in spite of the opposite relation between the dipole moments of these mesogens. This indi− cates that the presence of the lateral C = O group in 8CPB molecules makes their antiparallel alignment geometrically more difficult. Previously such effect was also found by comparison of the behaviour of e s for 6CB and 6CPB [5] .
Bradshaw and Raynes [30] had explained the decrease of e s close to the I−N transition in terms of an increase in the antiparallel alignment of the mesogenic molecules due to their self−organisation and the formation of the microdomains with the nematic−like orientation. As a result, the g factor de− creases and directly at the transition it is equal to 0.53 for 8CPB and 0.45 for 8CB. However, the existence of the maxi− mum in the temperature dependence of the e s value (Fig. 6 ) causes the increase in the increment of the entropy and the change of its sign from the negative to the positive one, as it can be seen in Fig. 7 . The increase in the entropy indicates on some disorder of the molecules alignment by probing electric field forcing the parallel orientation of the dipole moments. DS = 0 means the equilibrium between two competitive pro− cesses, the action of the external field on the one hand and the tendency of the mesogenic molecules to the self−organisation on the other. The problem was discussed in details in Refs. 21 and 23. For 8CHBT, the equilibrium state (DS = 0) is achieved very close to the I−N transition, whereas for 8CPB and 8CB it is registered at a temperature of several degrees before the transition. At the decreasing temperature, on ap− proaching to the nematic phase, DS increases rapidly, indicat− ing on the domination of the electric field action. However, it can be seen that DS is equal to zero at DT »4 K for 8CPB and DT »9 K for 8CB. It seems that this fact can be directly corre− lated with the magnitude of e s decrease in the vicinity of I−N transition, De e e s I N = -max (0.06 for 8CPB and 0.11 for 8CB) as well as with the tendency of both liquid crystals to the molecular antiparallel association. The C = O group in 8CPB molecules, which limits the ability to the association process, does not allow the molecules to be in such nearness as it can be realized in the case of 8CB molecules. As the in− teraction energy between two dipoles is proportional to m 2 3 l (l is the distance between neighbouring molecules) [28] , it is clear that 8CB molecules are able to overcome the energy of the thermal motion more easily than 8CPB mole− cules and they can create the microdomains with the ne− matic−like orientational order in more extended temperature region before the I−N transition. So, as it was already pro− posed in Ref. 5 , the difference between the temperature at which DS = 0 and the temperature of I−N transition dT T T
can be treated as a measure of the ability of the mesogenic molecules to the self−organisation in the iso− tropic phase and to formation of groups being precursors of the forthcoming nematic phase. Thus, dT will simultaneously indicate on the efficiency of the pretransitional effects.
Order parameter
The temperature dependence of the dielectric relaxation time of the molecules rotation around their short axis in the isotropic and nematic phases allows one to determine the height of the nematic potential barrier q and, as a result, the orientational order parameter <P 2 > of a liquid crystal defined as [31] 
Here q denotes the angle between the molecular long axis of the liquid crystal and the direction of the orientation described by the director n and f ( ) q is the undisturbed dis− tribution function of the mesogenic molecules around n.
The height of the potential barrier q can be determined on the basis of the retardation factor G introduced by Meier and Saupe [32] . The authors had shown that the relaxation time in the presence of the nematic potential t || is longer than the relaxation time t 0 for q = 0 (no nematic potential) by a factor
The relaxation time t 0 is a hypothetical value of t for the state with vanished nematic potential at the same tempera− ture [1, 2] and in our experiment it was determined through the extrapolation of the temperature dependence of the re− laxation time t measured in the isotropic phase to the tem− perature of interest in the nematic phase. Figure 8 presents the retardation factor G as a function of the reduced temperature, T red = T/T IN for 8CPB and, for comparison, the results for 8CB and 8CHBT, obtained on the basis of the data from Refs. 7 and 11. Coffey et al. [33] proposed the following relationship between the G factor and the nematic potential barrier q
where
Opto According to the Maier−Saupe theory of the nematic phase [34] , the nematic potential has the following form
where u is the parameter characterizing the radial part of the interaction of the molecule with the surrounding. It was shown [34] [35] [36] that
and
Thus, the distribution function can be presented as fol− lows [34] [35] [36] f
where Z is given by
Knowing the q values from the experimentally obtained relaxation times (Fig. 3) it is possible to calculate the order parameter <P 2 > from Eqs. (6), (12) , and (13) through the numerical integration.
The orientational order of a liquid crystal can be also deter− mined by using the electronic absorption spectroscopy. The liquid crystal need to be doped with a small amount of the dichroic dye which acts as a probe reflecting the matrix orien− tation ("guest−host" effect, Ref. 37) . This allows us to record the absorption spectra of the probe in the visible region. Figure 9 presents the polarised absorption spectra of the dye DANS in 8CPB at T = 304.2 K, as an example. From such spectra, the order parameter can be calculated using the following formula [38] 
where A || and A^are the absorbances of the light polarised, respectively, parallel and perpendicular to n, taken in the band maximum, and b is the angle between the long mole− cular axis and the absorption transition moment of the dye molecule. For DANS molecule b = 0° [14] .
The temperature dependence of the order parameter, <P 2 > for 8CPB obtained from the relaxation time data and for 8CPB/DANS mixture, determined from the absorption spectra, is presented in Fig. 10 . The figure shows also the appropriate results for the liquid crystals 8CB and 8CHBT. The data for the mixtures of 8CB/DANS and 8CHBT/ DANS are taken from Refs. 9 and 12. It should be noticed that for 8CB the <P 2 > values for the smectic A phase are also given. As this phase is the uniaxial one, the orienta− tional order parameter can be determined in the same way as in the nematic phase [39] .
It follows from Fig. 10 that the results obtained for 8CPB from both methods used to calculate the order param− eter <P 2 > are in quite good consistency. In the case of 8CHBT, small differences in the absolute values of <P 2 > are observed, but the character of the temperature depend− ence of the order parameter determined from both methods is almost the same. However, for 8CB the values of <P 2 > obtained from the dielectric relaxation time measurements are very unlike to those estimated from the absorption mea− surements. Such situation seems to be connected with the pretransitional effects, which undoubtedly play here a sig− nificant role. This can be seen already when one looks at the temperature dependence of the retardation factor (Fig. 8) . For 8CB, both the absolute value of G and the curvature of G, as a function of temperature, are quite different from those for the other liquid crystals discussed. The signifi− cantly smaller G values cause that the order parameter of 8CB, determined from the relaxation time, is lower in com− parison with that of 8CPB and 8CHBT at the same reduced temperature. The opposite relation is observed for <P 2 > ob− tained from the absorption measurements. The spectro− scopic results for 8CB seem to be more reliable, taking into account that this liquid crystal has the more ordered smectic A phase below the nematic phase. Moreover, they are in a good agreement with the values of <P 2 electron paramagnetic resonance [40] and optical birefrin− gence [41] measurements. Therefore, it is clear that the low value of the retardation factor of 8CB has to be connected with the creation of the microdomains with the nematic−like order in the broad temperature region before I−N phase tran− sition. Probably, in such a case, the relaxation time in the isotropic phase is in some extent affected by the nematic po− tential and the extrapolation of t from the isotropic phase gives overestimated results. In the case of 8CPB, the influ− ence of the pretransitional effects on G factor is not so cru− cial. This stems certainly from the fact that the temperature region of the pretransitional behaviour of the mesogenic molecules is narrower than in the case of 8CB (see previous section). Moreover, as the relaxation time of 8CPB at the I−N transition is longer than that of 8CB, we are able to mea− sure it in our experimental conditions in a very broad tempe− rature region in the isotropic phase (»30 K, in comparison with »18 K for 8CB). Thus, it is possible to make the extra− polation of t for 8CPB in a quite exact way.
Conclusions
The dielectric measurements of 8CPB in the static electric field reveal that in this compound the antiparallel molecular association occurs, although, as compared with 8CB, the ability to association is hindered because of the presence of the lateral C = O group. This fact, together with the high di− pole moment of the 8CPB molecule, causes that the electric permittivity value of this liquid crystal is relatively high. As a result, 8CPB can be considered as promising material for preparation of technologically important liquid crystalline mixtures.
In the isotropic phase, on approaching the transition to the nematic phase, the tendency to association of 8CPB molecules slightly increases and the microdomains with the nematic−like orientational order are created as a result of the self−organisation process. This leads to some decrease of e s in the prenematic region. Simultaneously an increase in the entropy is observed, meaning that we deal here with the competitive action of the probing electric field, which forces the molecules to align mutually parallel. These pretransi− tional effects are reflected in the dynamic dielectric mea− surements. They caused the perturbation of the normal Brownian diffusion of the mesogenic molecules and as a re− sult the subdifussion process is observed (a < 1). However, as the self−organisation of 8CPB molecules can be noticed in a relatively narrow temperature region in the isotropic phase, it is possible to use the dielectric relaxation time data to calculate the orientational order parameter, <P 2 >. The values of <P 2 > for 8CPB estimated on the basis of the retar− dation factor are in good agreement with those obtained from the measurements of the absorption of the guest probe dissolved in the liquid crystalline host, similarly as it is in the case of 8CHBT for which the pretransitional effects are rather small. Nevertheless, in general, the pretransitional ef− fects prevent the correct determination of the orientational order parameter from the dielectric relaxation time that was shown here on the basis of the data for 8CB. 
